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LI«JID-HYDROGEN ROCKET E1«}INE EEVELOPMEMT 
AT AEROJET, 194»»-1950'*’ 


George H. Osbom, Robert Gordon, and Heman L. Coplen with George S. James (USA)"*^ 


I. iNTOaxjcncw 

In the early 20th century, many early rocket pioneers favored liquid hydrogen; 
however, none of them used hydrogen as a rocket fuel because of its extreme phj^sical 
properties and scarcity. Illustrative of the properties that make practical handling 
difficult is a boiling point of -^26^^ at one atmosphere, and a density about one-seventh 
that of water. Interest in the methods and apparatus used in hydrogen gas liquefaction 
increased significantly in the mid-19^0s when handling methods were developed to supply 
liquid hydrogen for the steadily increasing requirements of basic research. The authors 
had the good fortune to participate in one of the earliest programs in c? United States 
to systematically investigate hydrogen-oxygen propellants for high-energy rocket engine 
application. 

Prom late in 19^4 to the cession of tests in August 1949, tne hydrogen-oxygen 
programs at the Aerojet General Corporation, under the sponsorship of the Navy Bureau of 
Aeronautics, advanced these propellant., from theoretical perfonnance studies to practical 
sources of high specific impulse. Specifically, this work tested transpiration-cooled 
thrust chambers, investigated the concept of ablative-cooled thrust chambers, developed 
the first successful 1,000-lb-thrust gaseous-propellant rocket engine, conducted the 
first tests of the effect of Jet overexpansion and separation on performance of rocket 
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thrust chanfcers, ccnstzucted and operated the first continuous 24-hour-operatlon 
hydrogen liquefaction plant specifically devoted to rocket engine use, cc»iducted the 
first Uquid-hydroger. tests of the coaxial injector, developed a 3»000-lb-thrust liquid- 
hydrogen thrust chamber, and tested the first punp to successfully produce hl#i pressures 
in punping liquid hydrogai, demonstrating tiiat pumping liquid hydrogen In a turbo-rocket 
engine was perfectly feasible and could be acconpj.lshed with a single-stage coitrlfugal 
punp. 


n. EARLY HYIHMEN-OXYGEN IHRUST CHAMBER TESTS 

In Decenfcer 19*»^, FWtz Zwlcky, then Director of Research for Aerojet, wrote 
a fined r^xirt of research and developmait activities for the Bureau of Aeronautics, Navy 
Department, (COiitract N0a(s)-3055)- Zwlcky surveyed the work being conducted at various 
institutions associated with the Navy progran to produce chemlceds conmercially that 
would allow actual Jet velocities between 9,000 feet/sec and 10,000 feet/sec. 

Hiese chemicals were mostly boron compounds of a nature rest then ccmroercially 
available.^ The value of boron hydride compounds as a combined source of hydrogen and 
hi^ chemical energy had beai Indicated early in 19^^ by James M. Carter of Aerojet.^ 
Subsequently, under Contract N0a(s)-5350, Donald L. Annstrong csdculated that specific 
liipulse of 311 at 600 psl chamber pressure was theoretically possible for an aluninum 
borohydrldeA»ater reaction. 3 In a s^jarate report under the same contract Paul W. Webster 
calculated chat the performance of hydrogen-oxygen as gaseous propellants would be sid>- 
stantlally hl^ier chan that of the boron corqxounds.^ 

With this theoretical background, the first gaseous-hydrogen-oxygen ttirust 
chanber tests were conducted at the Azusa proving grounds on October 15, 19^5 During 
*■ first test the uncooled tlmist chamber burned out conpletely (Injector, chamber, and 
nozzle) in 15 seconds. During the bidef period of equillbruim, engineers measured a 
thrust of 45 lb at 375 psia chamber p: ssure with an estimated exhaust velocity of 8470 
ft/sec. For the next test a specially deslgied water-cooled injector and a regulator 
water-cc^led nltromethane type nozzle and chamber were used. Performance was 100 lb 
thrust at 295 psia chamber pressure with an estimated exhaust velocity of 7280 ft/sec. 

With the water-cooled thrust chamber an average heat flow density of 3-3 1/2 Btu/sec In^ 
was measured, although the chamber eroded sll^tly In the region adjacent to the 
Injector.^ 

By February 1946, the test facilities had been enlarged to allow the testing of 
thrust chantoers of ip to 500-lb thrust. Pro- .slon for water cooling the chrust chambers 
consisted of a 1,000-gallon water tank and a centrifugal pump which sippliti 50 gallons 
per minute at 150 psl. Pixjpellant was drawn from trailer trucks furnished by the National 
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Cylinder Gas Conpany. The oxygen trucks had a capacity of 33,000 cubic feet at standard 
conditions; the hydrogen trucks had a capacity of 28,000 cjbic feet at starxiard con- 
ditions. With the :::iven fuel capabilities it vras possible to run a 500-lb-thrust chamber 
for five and one-haLLf minutes before the hydrogen was depleted. \ second series of tests 
with the 100-lb -thrust chamber was conducted during March 19M6. The first test, using a 
mixing chamber injector burned out the injector after seven seconds; the second test with 
a modified injector was successful; and the third test ran for 60 seconds without damage. 
Starting, operating, and stopping the thrust chaiit>er presented rK> unusual hazards. Stares 
and stops were very smooth and without any explosions. 

The motor was started by opening the propellan' valves (an electric spai^c was 
on at all times) while holding the throttles closed. Ihe throttles were then 
advanced maintaining a rich mixture (excess hydrogen) until the correct injection 
pressure was reached; both throttles could then be aavanced or retarded together 
to vary the thrust while holding constant mixture ratio as in normal multi- 
engine airplane operation. However both throttles could be jockeyed separately 
in order to vary the mixture ratios. Control was p>osltive and smooth throu^i- 
out. motor was stopped by closing the throttles to reduce fuel flow to 
a low value. The prepellant valves were then closed. 7 

Development of 100- to ^00 -''b gaseous-hydrogen-oxygen thrust chambers ccxitinued 
for the Bureau of Aeronautics, under Task 6 of Contract NOa(s)-7968. Various techniques 
of cooling were explored including transpiration cooling (liquid and gas), convection 
cooling, radiation cooling, and heat capacity cooling. The most successful waterv-trans- 
plrat ion-cooled tliru;3t chamber, shown in Figure 1, operated for 60 seconds without damage. 



Fig. i 

Driwing of Porous I'^tal Tlirust Chajnljer iv 
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^ conbustion chanber wall was made of porous bronze (Ollite). In subsequent tests the 
corbustion chsnber wall was cooled with gaseous hydrogen while the injector and nozzle 
were water cooled. An sdl convection-cooled thrust chanber of cc»iventio lal design with 
a De Laval type r»zzle was developed for conparison purposes. It successfully opei'ated 
for 1 minute with hl^ perfontance for such an early test (aee Table I), and confirmed 
the perfontance of the hydrogen-oxygen propellants as predicted by Paul Vfebster.8 TMs 
thrust chanber, shown in Figure 2, used externally circulated water as the cooling 
Liquid to obtain basic heat transfer data for desl©i of future motors and to develop a 
"woiic hoi?se" motor that could be used to test expcxdmental motor parts of any design. 9 
Teflon chanbei’ liners were tried as ablative liners to reduce the heat flow to the 
chanber. Uils they did effectively. However, the strength of Teflwi when heated proved 
to be ’/ery lew, and the material did not have sufficient scructural str«igth to stay in 
the chanber for more than 15 seconds. 

Ihe rate of reactlcai for gaseous hydrogen-oxygen proved to be extremely rapid 
compared to liquid phase propellants. Consequfflitly, a marked decrease in chanber voLime 
(or L*) appeared possible. In considering designs of small L* thrust chambers, it seemed 
probable that a thrust chanber configuration consisting of a cylindrical chanber dis- 
charging into the divergent porticsi of a nozzle should give good performance. This con- 
figuration, called a "flared tube" type, apjesored des.lr-able from the nozzle cooling stand- 
point for small thrust chanbers. It also appeared to be advantageous for largje -thrust, 
higi-altl cude thr;st chanbers because of the re^)ld increase in nozzle size relative to the 


TABLE I 

PERFORMANCE OF lOO-POUND -THRUST, CC»JVECTION-WATER-COOI£D, 
GASEOUS 0XYC2N/GASB0US HYDROGEN 'IHRUST CHAMBER ASSEMBLY, 19^16 


Chamber Pressures 

300 psia 

500 psia 

Thrust 

100 lbs 

100 lbs 

H 2 /O 2 Kriar Ratio 

3:1 

3:1 

Isp 

311 sec 

336 sec 


10,000 ft/sec 

10,850 ft/sec 

c» 

Y'^^O ft/sec 

7970 ft/sec 

Cp 

1.3-41 

1.360 

1 

110 in. 

188 in. 


232 







Fig. 2 

Draviring ol* Convection-Cooled Oxygen/Hydrogen Thrust Chaniber Assembly 


combustion chamber. Consenuently, engineers decided to make a flared tube tJirust chamber 
with an L* of 10 from v-.ast ele '^trolytic copper. Results from the test of this thiiist 
chani>er lea to the fabrication and testing of additional flared tul^e i:eat capacitance 
chambei'S with L**s of 2 and 5- Maximum values of specific inpulse frc.., the four tests 
conducted during June 1946 were obtained over a range of L* values from 4.5 to 7 inches. 
For L* values of 2.0 inches or greater, Isp was not less than 300 seconds. Ti initial 
tests indicated that the flare! tube thrust chamber ^ .figuration was efficient orxl could 
result in savings in weight and could sinpliry tlirust cliamber desi^. 

As a result the above tests, two water- transpiration -cooled 300-ib-thrust 
chambers were constructed from Olllte (Figure 3)* However*, the coolant flow rates were 
found t' be ver^ low and the porosity of the partlculai* pieces of Oilite much Jess tha 
that of previous pieces. In test' , the tnrust -'•-jamber suffered erosion due to the lack 
of adequate cooling. The final report concluded that the operation cf t 'rur>'r cyis-.iibers 
at exhaust velocities above 1",000 ft/sec (310 sec isp) had c'^come conmoiiplace 
gaseous hydrogen and gaseo» ox^'gen. Ilie report recommendea thiat hydror^n, es.pedolly 
liquified hydrogen, offered real and inmediate b'^nefJts for loruvrange, large-scale 
rocket propulsion. 




Pl€- 3 

Drawli^ Oilite Flared Tube Tlinist Chamber Assentoly 

m. 300,000-I£-'ffiRUSr HYDRCX3EN-OMfG©I ENSDE EESIOJ STUDY 

The requirements of Havy Contract M0a(s)-8A96 issued in July 19^6 called for 
the design study of a 300,OOC-lb-thnist rocket engine usir^ liquid hydrogai and ox^-gen 
as propellants, and the development of a gaseous-hydrogen-oxygen rocket thrust chantoer of 
1,000-lb Uirust capable of three minutes operatlcxi at 300 seconds Isp. The desi@i study 
would provide a liquid-hydrogai-oxygen i\x:ket engine suitable for use in a high-altitude 
test vehicle, such as the single-stage satellite vehicle, under study by the Glenn L. 
Martin Conftany uniter Contract NOa(s)-8376^^ and North American Aviation under Contract 
NOa{s)-83*»9.^ 

The target specif icaticais included a rated thrust of 300,000 pounds in a 
vacuum, a specific lnpulse of 310 seconds at sea level and 425 seconds in a vacuum, a 
wei^t less than 4,000 pounds, and a duration greater than 300 seconds. Tables II and 
III present additional details. Activities devoted to a 1,000-lb-thrust gaseous engine 
supplied experimental data for the design study, as discussed in Section TV. Various 
thrust chamber configurations were investigated with special reference to the variation 
of performance and pressure distribution in tubular and flared tube thrust chanbers.. 




Genn^ observations wav nade in an effbrt to detenaine the thenBodynanlc behavior of 
the prof)eUant gases. Thtsi^iratlon cooling ms investigated with special reference to 
the developaent of sources of sigiply of the various types of parous naterlals and to the 
detenadnatlon of the flow of coolsnt required for the protection of the tirust d ' la atow 
walls. 


TABl£ n 

SUNMRf TARGET SPBCXFICAIIGNS FOR 300,000-FQUfMHRUBT 

ljqUlD-OOCKaiazqLaD4I^^ rocket BCDC 
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TWIE m 

SnWNff OP FW CESION MCOl FOR 300,COO-F(XIIU!WUSr 
USfOD-aXXCEt/U^^ fOCRET BOZIE 



IH2 

U>2 

Capacity (Q gpa) 

U,100 

3,660 

Rropellant IKapor Pressure Heads 

490 

30.3 

(Hyft) (ISpaia) 



Suction Head (i^ ft) 

1,353 

117 

Suction Head Above Vapor R(«ssure 

863 

86.7 

(Hsv ft) 



msdiarge Head 0^ ft) 

24,550 

1.517 

Thtal Heal (H ft) 

23.200 

1,400 

Cavitation Constant (o) 

.0372 

.0621 

Shaft Speed (N rpm) 

11,000 

11,000 

No. lipeller p^ Stage 

1 

6 

No. Stages 

4 

1 

Inpellm* Diameter (d in.) 

13 

6.25 

Specific Speed (Ns rpm) 

1,860 

1,180 

Nater Horsepower (H.P.^) 

4,610 

1,480 

Efficiency (t) (Estimated) 

75 

75 

Shaft Horsepower (H.P.g) 

6,150 

1,970 

Total Shaft Hcarsepower Required 

8120 


During the 300,000-lb'thrust chamber design study the follONlng assuiptlons 

were made: (a) Propellants would be injected as liquid hydrogen and liquid oxygen, (b) 

the perfarmance of the propellants calcrxLated on a basis of non-dissociation of the 

combustion products, (c) two percent of the total propellant flow wcxild be diverted for 

the turbine, and (d) the hydrogen required to cool the motor would be available ftxxn the 

111 

extra mole of hydrogen in the 3:1 molar ratio. The requirements led to the choice of 
a transpiration cooled flared tube thrust chamber with an extremely hl^ expansion ratio. 
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It was believed that the flared tube thrust chaidber would help keep the welf^t of the 
propulslcm system down, while the hi^ expansion ratio and the propellants chosen would 
give the required perfarmance. H>e large expansion ratio decreased the relative size of 
the cdriaustlon chaoiber and resulted in a thrust chanba* tddch appeared to be almost 
entirely an expanding section of a nomal de Laval nozzle. 

Press and fUmace capacity limited the available size of porous metal sheets. 
Consequently, a metal spray te<*nlque under (tevelopment by J. Whiff of the Nassadiisetts 
Institute of Technolo^ was proposed for caistrw:tlon of the 33.percent porous stainless 
stee.l conbustlon (dianber imer liner. Ihe material dx>sen for the outo? shell of the 
thrust chaiber tes Stainless W, an e:q)erlmental alloy produced by the United States 
Steel Caapany.^^ 

Punp capacities, determined by the thrust and specific inpulse of the thrust 
chanter, the mixture ratio and the propellant (tensities, were 11,100 gallons/kinute of 
liquid hydrogen and 3,660 gallcns/hiinute of liquid oxygen. Because pimp vapor pressure 
head at the entrance of the pimp affects pimp cavitation, efforts were made to minimize 
this factor. It was assumed that the propellant would be carried in special tank trucks 
under atmosi^i^c pressure until being delivered to the test vehicle propellant tanks. 

It was also assuned that the tardcs, pipes, valves, and pimps would be cooled by evapo- 
raticxi of a small quantity of pnpellant so that when the bulk of the prcpellant supply 
had been delivered to the test v^cle propellant tanks it would have practically the 
same tenperature and haice the same initial v^or pressure as it had in the tank trucks. 
This would result in a hyiJrogen v^r pressure head of 490 feet of liquid hydrogen and an 
oxygoi vapor pressure heeid of 30.3 feet of llcjuld oxygen (see Table III above). 

The design of the gas turbine was undertaken with the reallzaticwi that only a 
basic (teslgn could be fomilated without extensive ejqierience in the use of hydrogen 
and oxygen as gas turbine propellants. It was deci<ted that the prcpellant combination 
used for the main thrust chamber would also be used for the tuthine because of its hlf^ 
specific ttipulse, and because it helped keep the test vehicle mass ratio as hl^ as 
possible. The turbine (tesigp data is simmarized in Table IV.^^ Ihe final report on the 
erjgine desi©i study. Issued on 31 March 1947,^^ concluded that a 300,000-lb-thrust oiglne 
was entirely feasible. Though many detail problems remained there were no fundamentfil 
reasons vrtiy such a propulsion system could not be built to propel a single stage satel- 
lite vehicle as shown in Figure 4. 

The 300,000-lb-thrust chairber was desl^ied to give the performance of 425 
seconds specific Impulse as specified. A chanber pressure of 500 psla was assumed. 
Calculations indicate that the total power plant weight would remain essentially constar. 
between chanber pressures of 300 and 500 psla, so the latter figure was chosen. Perform- 
ance would be affected by the mixture ratio of the propellants. Increasing the hydrogen 
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TWEIE 

SUMARY GF 1VH&INB DESKaf DATA R» 300,000-F0tN)-'niRUST 
IJQDID-OKYGai/UqqilUl!^^ ROC3CET BIHNB 


Pupp Horsepower (H.P.p) 

8,120 

Accessory Horsq>ower (H.P.jiqq) 

80 

Ikirblne Hcsrsqx)wer (H.P.t) 

8,200 

■PiTblne Riel 

Hydrogen 

Hirblne Oxidizer 

Oxygai 

Bucdoet Velocity (U ft/sec) 

1,209 

Hirbine Uheel Vorlclng Stress 
(St Ibs/ln^) 

30,000 

Bucket Teiqperature (%) 

1,500 

Chamber Tenperature (T- op) 

1,580 

(Tc op) 

1,130 

Mixture Ratio (N.R. mols iydrogen: 
mols oxygen) 

14:1 

Chanbar* Pressure (P^ lbs/ln.2) 

500 

Discharge Pressure (P^ Ibs/ln.^) 

18 

Discharge Tenperature (T^ ^) 

460 

Enthalpy of Products of Coobustlon 
in Uianiber (he Kcal/0n) 

1.89 

Ratio of Specific Heats of Products 
of C3ooibustlon (Y) 

1.37 

Ehthalpy of Products of Coobustlon 
at Exit (l^ Kcal/gn) 

0.74 

Change in Enthalpy of Products of 
Coobustlon (Ah Xcal/gn) 

1.15 

Dlsdharge Velocity (C ft/sec) 

10,180 

Heat and Hirbulence Loss Rtetor 

0.90 

Absolute Velocity of Oases Entering 
Buckets (VjL ft/sec) 

9,650 





TAEH£ IV (Continued) 


SUMAFOr OP TORBINE EESIGN DATA FOR 300.000-FO(MD-1HF(UST 
I1QUID-0XYGEH/UQUID-HYI»0^ ROCKET ENQDE 


Absolute Angle of Gases Entmring 
Buckets (oi« (teg) 

26.5 

Relative Velocity of Gases Entering 
Buckets (V 2 ft/sec) 

8,600 

Relative Angle of Gases Entering 
Buckets (Bx deg) 

30 

Bucket Loss Ooefficient (Y) 

0.6A5 

Relative Velocity of Oases Leaving 
Buckets (V 3 ft/sec) 

5,550 

Relative Angle of Gases Leaving 
Buckets (B 2 deg) 

30 

Absolute Velocity of Gases Leaving 
Buckets (Vi| ft/sec) 

H,560 

Vectorial Difference in 'Pangentieil 
Ccnpcni[»its of Absolute Vel<x:ities 
of Gases Entering and Leaving 
Buckets (aV^ ft/sec) 

11,000 

Mechanical Efficiency of Hirblne 
(Estimated) 

0 . 9 ^ 

Propellant Consuiptlon 

(W lbs prcpellant/sec) 

11.7 

(Wf lbs hydrogai/sec) 

5.46 

(Wq lbs oxygen/sec) 

6.24 


above stoichiometric would reduce the coiti)ustion tenperature and Increase the perfonn- 
ance. However increasing the hydrogen content would reduce the density Ijipulse.^® Since 
the optimum performance occurred at aboit 3: If this mixture ratio was chosen. The 
calculated p>erfonnance at sea level was 330 seconds specific Ispulse at 223, 600-lb 
tnrust. As designed, this thrust chamber had an exit diameter of 13 1/2 ft, a chatrber 
diameter of 2 ft, and a length of 22 1/2 ft. It would be hydrogen transpiration cooled, 
with s^sarate coolant control to 28 conpartments. The permeable inner liner consisted 
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Pl€. 

Drawing of Earth Satellite Vehicle (Qlenn L. ^fa^tln Scheme No. 5) 

of 33$ porous stainless steel, 1/8 to 3/16 inch thick. Ihe outer motor wall, 
circular ribs, and Icwigerons were of StalrJ.ess W. Uie calciilated total thrust chanter 
weighs was 2678 lb. 

In the puirp desigi studies the factors affecting shaft speed, nurtoer of 
Inpellers per stage, nunber of stages and impeller diameter were analyzed. Punp layouts 
were prepared and weight calculated. In the turbine design study the factors affecting 
propellant consvnptlon and turbine udieel stresses were analyzed. A turbliM layout was 
p rep a red and the weight calculated. As a result of these studies it was concluded that 
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a turbopunp of the following description (Figure 5), would be suitable for pressurizing 
the liquid-hydrogen and liquld-oxygoi propellants for a 300,000-lb-thrust hl^Jv-altitude 
rocket engine: 

Weight of turbopuBp 850 pounds 

Length of turbopunp 70 inches 

Maxlnun diameter of turbc^iump 30 1/4 inches 



Pig. 5 

Drawing of Turboptmp Asserbly, 300,000-Pound-Thrust Engine 

Pour snail engines mounted parallel to the center line appeared the best method 
of controlling roll, pitch, yaw, and for changing the trajectory of the satellite vehicle. 
These engines would cerate continuously and would change the directloi of their thrust 
by pivoting their thrust chantoers. The size of ttese control engines could not be estab- 
lished without a fi ; determlnatlcai on the amount of turning manent required to control 
the vehicle. Thming the snail thrust chambers with servo mechanisms presented no special 
problems. 

A schematic diagram showing the major elements of the main engine caitrols, the 
stall engines, and the small engine controls is presented in Figure 6. The valves and 
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Pig. 6 

Scdienatlc Diagran, 300,000-Pound-liirust Eligine, Controls 


plimblng, because of tte very large size and low teoiierature, ottered problems well 
beyond any available equipment. Ihe wel^t of these elemaits Including the necessary 
insulation was estimated at 335 pounds. 

Ihe dry weight of the aigine, not Including the control engines, was as follows: 
Ihrust Chamber 2678 pounds 

Thrbopunp unit 8^0 pounds 

Valves and plumbing 355 pounds 

3883 pounds 

The total weight glvai above was within the target we:I#it. Aerojet recotimended that a 
development program be instigated in order to find soluticais to the fabrication and pro- 
pellant handling problems brcHight cmt by this desl^i study. 
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IV. 350-LB-AND 1000-IB -THRUST GASEDUS.J«EROGEN-CHCy(fflJ THRUST CHAMBERS 


During the work to produce a l»000-lb gaseous engine, aiglneers developed a 
350-lb-thrust, 5 l/2-4nch L*, flared tube, watejs-convection-cooled, thrust chamber 
that was (^Derated undanaged for periods of more than 1 minute with gaseous hydrogen and 
gaseous oxygen as propellants.^^ This thrust chamber (Figure 7), operating with a 
3 Hg/Og molar mixture ratio at 300-psla chamber pressure, delivered 330 seconds specific 
impulse (95X of theoretical Isp). 



ng. 7 

Drawing of 400-Pound Llquld-Ctoled Thrust Chamber Test Assembly 

On June 26, 1947, a 1000-lb-thrust chamber which ccitpletely fulfilled the alms 
and specifications of Contract NOa(s)-8496 was successfully tested. The specification 
test was made on the thrust chamber (Figure 8) with a 19 1/2 percent coolant water flow. 
The ccxiflguration was a modified flared tube, with the nozzle portion of the motor water 
transpiration cooled, using porous nickel as the liner material. The injector was con- 
vection cooled with the water subsequently used for transpiration cooling. The test run 
was terminated by the operator after I 90 seconds elapsed time, of vrtilch 183 seconds were 
at full perfomince. The minlniLim perfonnance maintained for the 183 seconds period 
appears below. 
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Pig. 8 

Drawing of 10CX)-PourdJhrust, Flared -T\ibe, Hybrid-Cooled Tlirust Chantoer 

Itirust = 1230 lb 

Isp * 309 secc»rls 

Pq “ 500 psia 

H 2 /O 2 = **:1 molar ratio 

Coolant - 19 V2% 

These ejq)erlroental thrust chambers were designed on the same principal' used 
in the design of the motor of the 300,000-lb-thrust; rocket engine; in general, they ccmt- 
flrmed the desigi data for the large thrust chamber. 

V. LAHGE-SCAI£ PRODUCHCW AND HA1©LING OF LIC»JID HYI«0GEN FOR THE 
XIill6-AJ-2 ENGINE AND PTV-N-3 VEHICIE REQUIREJENTS 

During July 19^7, Contract N0a(s)-8496 was amended to authorize the development 
of a liquid oxygen-liquid hydrogen engine, the XL 1 RI 6 -AJ- 2 , suitable for use in a small 
scale version of an earth satellite vehicle, the FTV-N-3, under study by the 
Glenn L. Martin Conpany. 
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The initial targ?'; specifications of the oigine were: 

Thrust 2000-3000 lb 

IXjraticn 60 seconds 

Isp 303 seccaxis minljiun 

Weight 1 5 1>^ maxljnin 

Ehglne Inlet Pressure 35 psla maxlmin 

This section of the pap^ describes tte develc^xnent of the Aerojet liquid 
hydrogm plant vMch s\^lled the original 4.1Lpound (30 liter )-per-hour require.. jnts, 
and, subsequoitly in August 19^8, the requirements of 12 pounds (76 liters) per hour 
Mhen the engine thrust was lncre^lsed to 3000 lb, nominal, and its duration of burning 
extended to 180 seccxids. Uie revised XIiU6-AJ-l engine and PIV-4J-3 vehicle specifi- 
cations are shown in Tables V and VI. In 19^7, the requirement for liquid hydrogen for 
the Aerojet contract had been initially estimated at 3000 to 6000 pounds d^)ending an 
the cost. In addition, the Jet Propulsicn Laboratory at the Calif <«*nla Institute of 
Technology required fl?cm 1300 to 2000 pounds for an Airny Ordinance sponsored program. 
This combined demand could be met by a 25 liters/hour hydrogen llquefler similar to the 

Oil 

installation at the Ohio State Cryogenic Laboratoiy, desigied by Herrick L. Johnston. 


TABIZ V 

SlIMARY OP SPECIFICATIONS FOR TOE XUU6-AJ-2 ROCKET ENGINE 


Propellants; 

Liquid hydrogen and liquid oxygon. 

Motor: 

! 

Single cylinda?, fully glJribaled. Maximum 
deflection ±15° with approximately 5 cycles/ 
second response. Servo mechanism not a pc tion 
of the motor. 

Mixture Ratio: 

U-l/2:l hydrogen to oxygen molar ratio, overall. 
(Note this change from 5:1 is made to facilitate 
motor cooling and will require Bureau of kero- 
nauticB approval). 

%>eclfic I^ulse: 

303 sec minimum. 

Thrust: 

3000 lb nominal at sea level. (Exact definition 
is 10 Ib/sec of prc^llant caisutiption at above 
mixture ratio.) 

Duration: 

3 minutes nominal. 

Propellant 

Pressurization: 

Tiahopump, same prc^llants. 

Weight Breakdown: 

Motor, pnmps, and valves 85 lb 

Olmbal ring iS lb 

Suction Pressure 
(NPSH): 

35 psla nominal, subject to experimental 
verification. 
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TABLE V (Continued) 

SIMWRY OF SPECIFICATIONS FOR THE XLR1&-AJ-2 ROCKET ENGINE 


Dlmenslois: 

To fit into a truncated cane approximately 2 ft 


dia. at motor end, 3 ft diameter at turbopimp end 


(this diameter to be considered fixed) and 


approximately 1/2 ft long. 

Electric Power: 

24 volts dc from external source. 


TABLE VI 

SIMWRY OF SPBCmCATICNS FOR THE PTV-N-3 PROPULSIVE TEST VEHICIZ 


Propellants: 

Liquid hydrogen and liquid oxygen. 

Weight: 

2000 - 2500 pcxmds gross. 

Payload: 

95-lb telemetering gear. 

Bfasr Ratio: 

0.65 - 0.7 propellant wei^t/gross wei^t nominal. 

Wei^t: 

1300 - 1750 pounds. 

Structure: 

Pressurized thin-skin integral-tank construction. 
(Stainless Steel estimated at .020-inch thick.) 

Pressurlzaticai: 

Evaporated prcpellants at 35 psia nominal. 

Power Plant: 

Aerojet XLR16-AJ-2 rated at 3000-lb thrust nominal. 

Length: 

25 - 29 ft depending on gross weight. 

Diameter: 

3 ft maximum. 

Shape: 

Ogive nose (65-ft radius) 13 ft long. 

Cylindrical body (3-ft dia.) 11 ft. 

Boat Tail Motor Corp. (1.96 ft minimum) 4 1/2 ft. 

Control: 

FUlly glmbaled motor for pitch and yaw control. 
Hu?bine exhaust for roll coitrol. Controls 
powered by hydraulic pressure. 

Filling: 

External suoport for structure allowing pro- 
pellants to be held at 1 atm pressure (or 
subcooled) until innedlately prior to take-off. 
Oxygen filling connections in space between tanks, 
hydrogen filling in motor coiparfanent or in space 
between tanks. 

Insulation: 

a) Internal fUzz type. 

b) External drop-away blanket, helium filled. 

Motor Corpartment : 

Helium filled prior to firing. 

Electrical Supply: 

- ^ 

24 volts dc. 
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Coimercial producers were contacted but they either believed large-scale 
prt)ducticai of liquid hydrogen to be unfeasible, or quoted prices considerably hi^ier than 
would be incurred if Aerojet constructed and operated a plant at Azusa. Additional check- 
ing on the cost of an Aerojet-built plant indicated that the totad cost to build and 
operate it w^xild be $100,000. In view of the considerable difference between the 
coonercial and the Aerojet estinate in both cost and cc^ivenience, a request was made to 
the Bureau of Aeronautics for pennission to erect and operate the plant at Azusa. 

Aerojet received verbal approval in September 19^7 » and action was initiated to obtain 
the consulting services of H. L. Jotviston of Ohio State Ik-lversity. 

Dr. Joivistai spent October 13-16 at Aerojet in ccaiferences on the detailed 
desi^ of a plant utilizing ccRiaercial gaseous hydrogen and liquid nitrogen as a pre- 
coolant instead of liquid air. He returned to Ohio State to prepare drawings of the 
specicd units required for the liquefaction cycle and to siq^ly certain design speci- 
fications to assist Aerojet *s design of the more conventional special units. Nearly 
all commercial conponent parts wei^ located and specified for purchase during October. 
Preliminary plant layouts established building requlrenients. 

Following the receipt of fonnal authorization on December 16, 19^7, purchase 

orders were placed for all major coraiiercial units required except the freon refWgeraticxt 

PS 

system for which complete specif icaticais were not yet available. Construct icxi of the 

Aerojet building to house the liquefier also began in December. ITansport of the liquid 
hydrogen pressure vessels to and from the liquefla? building was planned to be done by 
a heavy duty lift truck. 

The Aerojet cycle was a modified fom of the cycle used at the Ohio State 
IMiversity Cryog«xLc Laboratory. Itie flow of hydrogen fran gas to liquid is shown in 
Figure 9. Ihe Aerojet plant utilized the liquid nitrogen precooled Joule-ihomson (Onnes) 
cycle because suitable heat-exchanger cryostat desi^is were available for a plant of this 
size. The use of an established cycle was necessary because of the urgent need for a 
propellant in the test pregrams. Major modifications made in the purification portions 
of the cycle included: 

1) Provision to utilize a coranerclal gaseous hydrogen si 4 >ply, 

2) Continuous catalytic removal of the oxygp:i impurity in the coninerclal 
gaseous hydrogen supply, 

3) Adsorpticxi purification at liquid nitrogen temperatures to remove any 
remaining gaseous nitrogen and oxygen from the hydrogen upstream of the 
hydrogel expansion valve, 

4) Utilization of a cormercial liquid nitrogen supply for the liquefier 
precooler interchanger, and 

5) Use of parallel purification units vi^re necessary to allow continuous 
operation over extended periods. 
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Hydrogen Llquefier Plow Diagram 





Dn May 21, 19^8, a ten-hour c^)eratii-€ west was nade cn the hydrogen iiquefie? 

cryostat asscE4>ly idilch had been conpleted and installed In the liquefaction plant system 

at the Ohio State IMversity Cryogenic Laboratory. Ibe test s®s supervised by 

H. L. Johnston. H. L, Cc^len observed and assisted in the operation of the imit. Itse 

perfonaance of the unit was very satisfactory, especially in its eccaxcy of liquid air 
27 

for precooling. Hie liquefier cryostat assembly' »as subsequently shipped jind Lnstalled 
in the Azusa plant. 

Hie first production of liquid hydrogen occurred on Septarber 3, 19'^8, and 
furnished about 12 liters of liquid hydrogen. Subsequently, a nusber of teproveramts, 
adjustments, and repairs were taade to the system to correct discovered faults. The 
plant was again cperated on September 21, 22, and 23. Cn Septonber 22, approximately 120 
liters were produced of which a r«t of 75 liters (11.75 lbs) was sufp’J.ed to the Jet 
Propulslcxi laboratory of the California Institute of Technology for their rocket test 
prcgram. 

As originally designed, the plant had a production capacity of it. 7 pounds 
(30 liters) per hour and was so operated from September 19^8 to liarch 19^9. Because of 
the increase In propella.nt requiremaits resulting frcra the 3000-lb-thnust chamber tests, 
the plant shown in Figures 10, 11, and 12 was inproved to Increase the capacity to 
aiproxiraateljr ;12 pounds (76 liters) per Lmr, and it was operated on a three-shift basis 



Fig. 10 

AeroJ et ; Liquid- Hydrogen Plant 
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at this capacity mm Mareh to Jure 19^9* Ftxm Se^t&rh&t l$hB to June 1949 t -|ross 
plant production was 7400 pounds {47*000 liters) of liquid ipirogen, with atout 5300 
pounds (33 >700 iltere) tselng produced In the last four 'nwiths of ttiis period at a pro- 
duction cost of about 113.48 per pound. Uie use of caanerolal sources of gaseous 
%drogen and liquid nitK^en Is responsible for this ccussaratively high production cost. 

Two 100-lb-capacity llquidUI-iydrc^Sen storage vessels were designed, ecmtmcted 
and used extensively. 

¥1. mm OF TM miATiME n#ofifrMCE of PfDPELLMiT mcm At© 

SFBllFIC imSLSE m SAULLHE At© VEHICLE PaRK3»mNCE 


The study f the relative infx>rtaiice of prxfjelMnt density ard specific fefjuls 
on the perfonnance of a satellite test vehicle was presetited In a special report in 
tfey 194*"' Because tte contract lto(s}-8496 wts pointed tc»erd the developaent of a 
slngle-sta^ satellite vehicle, the analysis of tte relative irdluenca of stxsclflc 







Fig. 12 

Hydrogen Llquefler Plant Layout 





lB|]ul8e and propellant density on v^cle perfanaanee Involved a v^cle with the 
fblloHljng retjuirenents: 

1) 300-alle-altltute satellite orbit 

2) 1000-lb payload 

3) SiRjle-eti^ vehicle^ 

4) SecKlevel, non-boosted takeoff 

After sone consideration of the eonplexitles of the actual trajectory reqMired 
to leaeh a stable orbits engineers soug^ the vertical altitude which would result ftom 
iflliarting orbital energy to the v^cle. In determining the energy of a satellite 
vehicle in a stable orbit ttie variation of suavity with altitude was taken into accousit. 
Tte energy of a satellite in an orbit at 300-mile altitude was assaaed to be 10.12 z 10^ 
ft-lh/lb (sea-level ft-lb of energy). Vertical trajectory calculations were perfbnaed 
by a Runge-Kutts stepwise imeg^ation of the basic equation of motion, using a perturba- 
tion technique Including the effect of drag. Ihe altitude and kinetic energy were added 
at the end of burning to obtain an equivalent total energy expressed as an energy 
altitude in feet. The results were presented as a series of curves giving this energy 
altitude eis a function of the mass ratio for dlfferait sets of values of the standard 
specific inpulse, v^cle daislty loading, and total initial acceloraticz). 

These calculations served to shew the effect of specific inpulse on v^cle 
performance. The effect of propellant density is concealed by the fact that vehicle 
density loading and mass ratio, both dependent on density, are not expressed as direct 
fUncticxis of density. The gross vehicle wei^it was ctetemlned as the stxa of all the 
v^cle conponents divided into suitable groups, and e^qiressed as fUnctlcxis of the 
pertinmit vehicle and prc^llant properties. It was found possible to evaluate the 
motor, punping plant, piping, valves, and controls by means of available data on existing 
vehicles and by detailed (tesigi studies. 

The structural weight did not l«xl itself to the above-noted method of 'uialysls. 
In order to achieve a mass ratio adequate for satellite performance, it was necessary to 
use unccviventlonal fabrication techniques. The best method had been proposed by the 
Qlem L. Martin Company. Baltimore, Maryland, and North American Aviation Inc., Inglewood, 
Callfamla. It comprised the use of a higHy stressed thin skin in a pressurised 
structure with Integral prc^llant tanks. The pressure placed all the skin material 
under tension sufficient to prevent any compressive loads. The ribs and stringers 
required to carry compression loads in convent Iczial structures could be omitted in this 

PQ 

way, and the skin could be nighly stressed. ^ 


*See R. Cargill Hall, "Earth Satellites, A First Look Ey The IMted States 
Mavy," in this volime - Ed. 
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Die sum of all the vehicle coR(x»ients, nrqpellant and payload wel^s was then 
used as the gross wel^it. the results were pr^;)ared In a series of curves in tdilch mass 
ratio and density loading w»*e shown as functlcms of gross weight for a given set of 
values of propellant density, total takeoff accelomtlon, and specific iiqpulse at 
standard conditions. Almost none of the v^cle ccnixxients were wel|^ depafident on 
specific impulse. The assmptlons and methods used In this woaic had been evaluated 
H. S. Tslen of the Massachusetts Ihstltute of Technology, a consultant for this pro- 
Diese calculations served to show the relation between propellant density and 
mass ratio, and between prqpellant density and wel£d)t loading for a nudber of v^ilcles 
suitable for satellite or extreme longnrange performance. 

Ihe results shown In Figure 13 Indicated that ^peclflo Inpulse Is much more 
important than prqpellant density. Uils result contradicted the findings of many 
reputable groups and Individuals In the field of roctetry at that time, ihe author, 
Robert Gordcm, cautlcxied that the results of the report should not be indiscriminately 
spiled to all rockets under all conditions. &ich a practice would be as indefensible 
as was the practice of applying A-4 (V-2) data and perfonnance to every new application 
no matter how far removed from the A-4. 

Among the repiort's ccxicluslons: 

1) If It were desired to build rockets for extremely long range, i.e., 15,000 
miles to Infinity, It would be necessary to achieve v^cles with hl^ mass 
ratios. In this type vehicle, sp>eclflc Inpulse is of greater Importance 
than is pjrcpellant density. 

2) The minimum size vehicle cap>able of satellite p)erfonnance varied from about 
25,000 to 60,000 pounds gross weight for knovoi liquid propellants. 

3) The best propellants for satellite vehicles based on ninlinum gross welgits 
would be: 

Propellant Minimum Gross Vfelgit, Pounds 

1. 0^ and H2 23,000 

2. and H2 25,000 

3. F2 and U 25,000 

4. O2 and A1 33,000 

5. O2 and H2 38,000 

6. F2 and N2H^ 40,000 

VII. HE PUMPING CJF LIQUID HYIHXIEN 

In 1946 Dietrich Slngelmann, a German rocket-engine designer employed by the 
Air Material Conmand, revealed the unique characteristics of a centrifugal pump 
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Fig. 13 

The Relative Influence of Prcqaellant Density and ^eciflc 
Inpulse on the Size of a Satellite Vehicle 


consisting of a U|9it-Mei^t radial vane rotor with a concentric case that he had 
developsi for the oxidizer puap of the EMd 109-718 Booster Rocket ^igine nanuftactured 
hy the Bayerlsche Hoteren Werke. The rotor of this pwp (Figures i4a and 14 b), consisted 
of a hub with three or more radial thin netal vanes. A partial shroud extending to 
perhefs 1/3 of the radius, mbs used on the back side of the vanes. No forMard side 
shroud was used. The discharge of the puaap was taken throu^ two or more round tangential 
orifices whose dlaneter detemined the discharge characteristics of the punp. 

Ik*. Singelmann described <me puB|> in particular which operated at 25*000 rpm and developed 
82 atmospheres pressure with nitric acid. The Inpeller was 75 wlllineters diameter by 
12 millimeters wide at the t^ and pimped 7 liters or 25 Ibs/aec at an efficiency of 
45 percent. This sane punp developed about 75 atmospheres pressure with water.^ 

Subsequently* the group at Ohio State Vhlverslty Research Fbundatlon No. 264* 
constructed such a punp based on Slngeimam's desists under Oontract U33-038 ac-l4794 
(16243;. The results were discussed during a visit by Aerojet personnel In Novenft)er 
1947 .*^ Due to the extremely low tenperature of liquid hydrogmi, the Ohio State Group 
had found It necessary to iox>vlde some ir^sthjd of insulating punp ikon room tenpera- 
ture. It appeared practical flxxn the test standpoint to use .. lazge vacuun jacket tank 
and submerge the pimp in the particular fluid being handled. Results of punp tests with 
water and liqutvl nitrogen were good* but with liquid hydrogen the pimp cavltated most of the 
time. This was caused by an excessive heat leak into the punp resulting H*cm Inccnplete 
subtaersloYi. The rapid evspc^ticn of the liquid hyih\3gmi in the suhmersicn tank made 
nalntalning an aaequate liquid level extremely difficult. Nevertheless seme of the points 
seemed to fall on the anticipated head flow curve at higher flows 

A subsequoit interview with Singelmann after the Ohio State visit resulted in 

oil 

reconmendatlCHis for pimps useful to the X1R16-AJ-2 engine program.^ During the following 
nmth, it was learned from an interview with N. N. Nyborg of the Naval Air Missile Ttest 
Center, Point Magi* that two pimps fT?an the Efil 109-718 Jato Uhlt (for the MB 262 air- 
plane) could be obtained to provide an early test on the basic characteristics of such a 
design.'''^ Perfonnance tests with water of this 3.3-inch-dlatneter oxidizer pimp revealed 
that the characteristics of this punp vere superior to those of conventlcmal centrifugal 
pimps in the same speed ran^. Of greatest Interest was the constant flow characteristics 
when operated at reduced head.^^ Subsequently perfaraence and cavitatlcxi tests with water 
were conducted with the Aerojet deslgied* AR-2720, a 6-inch diameter* shroudless* radial 
vane, centrifugal pimp with a conical discharge dlffUser.^ 

The inpeller* bearings, and sesds of the AR-2720 pimp were modified far testing 
with liquid hydrogen, and the punp reldentlfled as AR-2797. This punp incorparated an 
inpeller machined fraa a single billet of 17ST aluminum alloy. The beaxdngs used in the 
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Pig. Ikk 

Drawing of E%i R®ilal Vam Oxidizer Punf) Assen&iy 





pmp were deep-groove ball bearings having bronze cages. KLcarta clearance seals were 
used In the pui|> for hydrogen testing. Provlsicm was made for pres«n?lzlng the seal 
section with helium In order to minimize hydrogen leakage Vrcm the ln^ieller housing. Ihe 
constructicxi of the puop is shown in Figure 15.^^ Ihe pump was designed to the following 
^>eclflcations: 

N “ 40,000 revolutions per minute 
“ 23,300 feet 

Snax « 87 gallons per minute 

Difficulty was experienced In cooling the pmp to a temperature low exiueli tc 
permit filling the pmp case with liquid hydrogen. Ihis was caused by the aaall size of 
the dlffbser throu^ which the gas generated during cooling had to escape. This trouble 
was eliminated by adding four 1/4-lnch-dlameter holes in the pmp case, and connecting 
these to a bleed valve tdilch was closed after cooling the pump and before starting the 
test run. With this difficulty overcame, liquid hydrogen was pmped successfully. A 
flow rate of 0.68-lb per second and a pressure rise across the punp of 400 psi were 
obtained. Ihe head-vs-capaclty curve Is shown in Figure I 6 . Ihis curve shows the unique 
prc^ierty of this type of pixip: that of operatli^ at a constant c£q)aclty over a wide 
range of pressures, which In this case was ftrom 40 percmit or lower up to 85 perc«it of 
the maxlouB pmp-^iressure rise. This unique property offered advantages when used in a 
rocket engine pmping plant. Ihe flow rates could be controlled by the puips, eliminat- 
ing the need for flow-regulatlr)g valves and resulting in a basically sliqpler and 
limiter engine. 

Fts* the AR- 2797 -type pmp, the head varied approximately as the square of the 
^>eed while the capacity varied directly as the i^ieed. At the design i^>eed of 40,000 
rpm, and tte corresponding peripheral velocity of 1,047 feet per second, the head would 
be in excess of 20,000 feet and the capEuslty would be approximately 86 gallons per 
minute. These results were In approximate agreement with the predicted values. The 
power limitation of the pmp test stand prevented testing at 40,000 zpm, the design speed 
for the ixsnp. The pmp shown In Figure 17 was operated successfully with as little as 
25 psl difference betwemi this suction pressure and the vapor pressure. This Indicated 
that a suctlixi pressure as low as 40 psla could be used In a hl^-altltude test vehicle 
or missile In udilch the liquid hydrogen reached the pump Inlet with a vapor pressure of 
approximately 15 psla. 

The punping of liquid hydrogen was dononstrated successfully for the first time 
with the llghtwel^, high-speed centrifugal pmps, in a series of tests condiuted during 
March 1949.^^ 
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Drawing of Radial Vane Pinp Assembly 




Pig. 16 

Perfannance Curve of Llquld-Hydi?ogen Ptnp (Aerojet) 

VIII. THE EPraCT OP JET OVEREXPANSIW AJ© SEPARATICN W HOCKET 
THRUST CHAMBER PEHFOFHANCE 

Early theoretical analysis had Indicated that a rocket engine designed correctly 
r high altitudes (low aniblait pressures) wculd suffer serious losses In perfornance vhen 
crated at low altitudes (hl^ ambient pressures).**® The results (Figure 18) Indicated 
at althou^ the performance of a sea-level motor was 20 percent less than that of a 
gh-altltude motor, the hl^><iltltude motor would lose 95 percent of Its performance If 
erated at sea level. This assumed complete overexpansion In the hlgh-altltude rocket 
glne. The PTV vehicle would have to use a hlgh-altltude version of the XUU.6-AJ-2 
glnu In coder to obtain high perfotmance. However, this engine usually would be itarted 
sea level and would have to furnish sufficient thrust to lift the vehicle. If .je 
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Aerojet LiquM-^Hydrog^n Fmp 


IBi|" 


losses were as great as calculated* it wxjM be necessary to develop saae timm of 
controllliig tte excessive overexpansicm uMch causes the losses in perfortaance shown 
in Figure 18.^'^ 

A flared tubular thrust chaiaber with a 33 il area ratio nozzle was cmstmcted 
for tests to deterraim the loss in thrust chaBJbei* perfortance caused by overexpamlcm 
in the chffiiser pressure regitft froa 150 to 350 psla. * 1116 .' thrust chamber fppears in 
Fl£«jpe 19. fSKfimty tests were mMe with the chamber. In addition, sixteen runs were 
laade m m identical chasijer except that a sea level (16:1) area rutlo mzzle was aiploy 
Perfonaance of the ov«r*eipaMing-«522le test thrust etesiber and the normal^area-mtlo 
thrust chaifiber at sulxture mtios of A:1 a ' 3 j 1 laider the same qpaating cOTlitlons were 
essenrtilally the saiK, tlxa, tte cteaber imweter e* ma not affected. Bic-refore, the 
nozzle parawter C« i«ts affected am the overexpansiM losses cecured only in the nozzle 
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It appear^ f^Goi these tests that the losses in the overexpandi njUDZzle thrust chsnbe* 
were about 13 percent greater than in a namBl ejqansion-nozzle thrust chamber. 

It was apparent that the problon of minimizing losses would still remain to be 
solved for single-stage, long-range rocket missiles. The conceptual solutions were 
easily formulated, and Involved the injection of gases into the side «mll of the nozzle 
to cause separation at the correct area ratio. However, at thl.> point In the contract. 

It was considered undesirable to continue to divert manpower for this investigation. 

IX. LIQUID HfEROGEH-UQUID OXYGEN THRUST CHAKBSl DEVElXSICKr 

The object of this portion o!' Contract H0a(s)-8496 was to develop a 3000-lb- 
thrust regeneratlvely cooled rocket ttrust chamber tdilch would satisfy the target 
specifications for the rocket engine described in Section V. An over-all engine 
(specific iiqpulse) of 303 seconds was required, with estimates that the turbopmp would 
require six percent of the total propellant flow. Consequently, the thrust chamber would 
have to produce an I^ of 322 seconds. A further requirement, based upon the tankage of 
the missile, c?Hed for the H 2:02 molar ratio for the thrust chamber to be only *i:l.^^ 

The design of a regenanitively cooled 3000-lb liquid h y dro g en-liquid ox^en 
rocket engine demanded that certain new design data be established because all earlier 
work had been conducted with gaseous propellants. This data was to be obtained fron a 
400-lb thrust chsmiba* development prooTam planned in two phases. Phase One would 
determine the effect of motor geometiY and injection configuration upcvi heat-transfer and 
performance. These tests were to be made without the benefit of film cooling by liquid 
hydrogwi. Having detemined a suitable thrust chamber geometry and best injector con- 
figuration, Phase Two was to be initiated to determine the effects of film cooling by 
liquid hydrogen upon performance and heat transfer. The film coolant was to be injected 
down the chamber walls ftm the injector face and/or in the chamber just forward of the 
nozzle. Adequate perfonnance, as noted above, was an 1^^ of at least 322 seconds. Tb 
satisfy perfonnance and wel^ requirements and to permit regenerative cooling with 
liquid oxygen, it was decided that motor testing should be at 500 psia chamber pressure. 

The best injector and chan4»r configuration develc^jed on the 400-lb-thrust 
program would be used as a basis for the design of the 3000-lb cotiaxistlon chanier and 
injector. Development of the 3000-lb-thrust chamber was to continue until target speci- 
fications had been achieved. But time and funds did not permit the conpletlon of the 
systematic program outlined above. Instead, an abbreviated program, described in the 
following paragrsphs, transpired. 

The first test of the 400-pound-thrust unit was conducted on Januairy 21 1949. 
By May 5» 1949, sixteen tests had been corrpleted at 400-lb thrust, using liquid-phase 
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prof)ellant5 and leter-convect ion-cooled » liquid hydrogen/Uquld oxyssn coedbustlon 
chanters with suitable nozzles to produce 40C pounds ncralnal thrust at 300, 400 and 500 
psla chaober pressures, the general construction of these ccnAxistlon chanters and 
ncozles are sbom In Figure 20. the inner doeters and nozzles uere made of copper to 
permit large heat-flux densities to be handled «d.th safety, the above chambers were of 
diffK'ent lengths and two dlffterent dlaaeters; hence L*, length, and dlaneter could all 
be used as parameters. .4 t^ical thrust chanbra* raourtted on the test stsid Is shom In 
Plgure 21. Five Injector configurations were tested with a water-cooled plerua chamber 
of 64 I#, the best perfcaioance was obtained with the nultl-tube concentric-orifice 
Injector (coaxial) designed by G. H. Osborn (Figure 22). 

In this design, the liquid oxygen was injected through the annular orifices and 

the liquid hydrogen through the central tubes. Each pair of orifices suK>lled propellant 

corresponilng to about 8 poimds of tht-ust. Flto cooling was again supplied by 24 0.015- 

Inch-dlaneter orllices, i^ch sprayed liquid hydrc^en down the wall of the coidbustlan 

chamba*. the first run with this Injector was very succ^sfUl. the test lasted for 40 

seconds without damage to the thrust chaiter. this Injector, at 504 Ib/ln chamber 

pressure, gave a specific impulse of 366 seconds and an average heat-fliix density of 
2 2 

6.45 Btu/in In the chanter, and 11.3 Btu/ln in the nozzle. tJie spftearwvx of the jet 
during this run Is show In Figure 23. 

the 3000-lb ccntestioti chanter (Figure 24) was desl^ied and assend>led using 
seme parts fhom another progran. the inner chaiter was machined from a cast-ccpper 
billet. Electrolytic copper was preferred, but could not be obtained In the required 
size, the cast copper that was used for the imer chamber has only appx)xlmately one^ 
third the strength and one-half the thenaal conductivity of electrolytic cqper. the 
Inner and ouca* chamba* before assembly is shovn In Figure 25- this chamber assembly of 
49 L* was designed with a nozzle exit to throat area ratio of only 4:1 because of size 
limitations of the existing parts. The helical coolant passage was designed to accomo- 
date a water flow of ten pounds per second with a 110 psl pressure drep. 

Successful tests with the nulti-tube concentric-orifice Injector at 400-lb 
thnist resulted in the 3000-ib-thrust concentric-orifice Injector desigi (Plgure 26). 
Fbur hundred and eighty-nine concoitric orifices were used in addition to 60 hydrogen- 
fUm-coolant orifices. Each pair of orifices supplied propellant correspxxidlng to about 
six pounds of thrust. The trouble experieroed with the burning on the face of some of 
these injectors led to the conclusion that the fViel should be injected through annular 
orifices. Accordingly, the 3,000-lb injector was desi^ied with the liquid hydrogen 
flowing in the arinulus and the liquid oxygen flowing through the central tubes. Figure 
27 shows this injector after fabrication. Figure 28 shows a water-flow test. 
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Drawing of iJOO-Pound-nTrust Liquid Oxygen/Llquld Hydrogen Thrust Chamber 









View of Itest Bay lowing 400 -l’ound- 0 isra 3 t dhamter Installation 




Muf* 


Drawing of Coaxial Injcc 



Fig* 23 

Ol^ration of ^OO-^Pourd -Ilmist Ilqaid^Oxygen/Liquicl-'liydrogen 
Tni'^ust Chamber Assat'ibly witli Coaxial Iryector 


ThTOe tests were made usiriig the water-cooled plenum chamber of kj L* shown in 
Fiiyjre 26. Specific lirpulses of 3^5, 359» arri 350 seconds were obtained, lliese values 
represent 96*?* and 99*^ percent of theoretical Impulse for the^ operating con- 

ditions for' ■" •i.rh test, Tt\e thi^jst chamber moiint^cd on trie vortical test stand firing 
into a flaitie deflector bM producing 2655-11 thrust, is srmm in Fi^are. 29* On !%rch 2, 
19^9 » a c.DfTiTi,irilcatJorj fim the Bortoau of Aerofiautles ■flrecteKl a change of trie fuel 
component rrm liquid ht/dix>gen to anlt^/di^jua the oxiai::ei% liquid oxygen^ >ns 

to remin the saine, Imwever* testln^^^ on the liquid h^^drogen pix)r/*ain was authorized, to 
continue =jntil tl« test results .rcixDrted above were sehievi^xL ^ Hie end of the progrm 
precludexi furthier tests to acljust the nxte of film coolant addition to balance a 
tolenible unlt-heat-flux density aj^tainst adec|uate performarice. 
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Fig. 25 

30004>ourd-4hrust Chamber With Cast- Copper Inner Chamber 

CaiCUBl(»iS 

%■ Au0ist 19^9, the liquid hydrogen-liquid oxy^n program at Aerojet lad 
demonstrated the feasibility of virtually all the cotrponento in present-day, hi^-energy, 
liquid-rocket engines. Transpiration and film-cooled thrust charribers had successfully 
operated. Ihe first liquid- hydrogen tests of the coaxial injector had been conducted. 

TtiS first pufnp to successfully produce hipji pressures in punping licruid hydrc^en had been 
tested. A 1000-lb-thrust gaseous propellant and a 3000-lb-thrust liquid-prcpellant 
thrust chamba' had operated satisfactorily. And the first tests bad been conducted to 
evaluate the effects of Jet overexpansion and separation on performance of rocket thrust 
chambers with hydrogen-oxygen propellants. The production and handling of liquid l^drogan 
had been demonstrated to be practical and less hazardous than originally believed by 
industry spokesmen when the program started. These pioneering investigations established 
a valuable engineering background, ffowever, the application of this technology had to 
viait for almost a decade before finding use In hi^-siergy upper stages for the space 
progran in tte 1960s. 


318 





Fig. 27 

Assentoled 3000-Pound Thrust 
Coaxial Injector 
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